The effects of butanol on microtubules (MTs) were examined by immunofluorescence microscopy. Fragmentation of cortical MTs was induced by n-butanol, but not by s-and t-butanols, in cultured tobacco BY-2 cells. Taxol prevented n-butanol-induced MT fragmentation. Fragmented cortical MTs were still attached to the inner face of the plasma membrane when n-butanol-treated protoplasts were ruptured on the slide glass. Moreover, MTs were depolymerized in the presence of n-butanol in vitro. Therefore, n-butanol is not only an activator of phospholipase D but also an effective MT-depolymerizing agent.
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Abbreviations: GFP, green fluorescent protein; MAP, microtubule-associated protein; MT, microtubule; PA, phosphatidic acid; PBS, phosphate-buffered saline; PLD, phospholipase D; YFP, yellow fluorescent protein Cortical microtubules (MTs) determine cell shape by controlling the direction of cellulose microfibril deposition on the outer surface of the plasma membrane, and the organization of cortical MTs is regulated by various factors (Shibaoka 1991 , Williamson 1991 , Cyr and Palevitz 1995 , Hashimoto 2003 , Lloyd and Chan 2004 . However, the regulatory mechanism of cortical MT organization is still unclear. Cross-bridge structures between neighboring cortical MTs and those between cortical MTs and the plasma membrane have been observed in electron microscopic studies (Hardham and Gunning 1978 , Seagull and Heath 1980 , Lancelle et al. 1986 , Giddings and Staehelin 1988 , Sonobe et al. 2001 . These cross-bridge structures are thought to be composed of microtubule-associated proteins (MAPs) and play a pivotal role in cortical MT organization. Marc et al. (1996) isolated a 90 kDa protein which binds to MTs from the plasma membrane fraction of tobacco BY-2 cells. Immunofluorescence microscopy revealed co-localization of the 90 kDa protein with cortical MTs. Interestingly, the 90 kDa protein was identified as a member of the phospholipase D (PLD) family (PLD; Gardiner et al. 2001) . Association of the 90 kDa protein with the plasma membrane suggested that the PLD is a candidate for the cross-bridge between cortical MTs and the plasma membrane.
PLD regulates diverse processes in higher plants, including embryo maturation, germination, cell elongation, senescence, wounding responses, osmotic stress and pathogen responses (reviewed by Chapman 1998) . n-Butanol inhibits the formation of phosphatidic acid (PA) catalyzed by PLD , because it acts as an artificial acceptor of the phosphatidyl moiety produced by hydrolysis of phospholipids, forming phosphatidylbutanol (Munnik et al. 1998) . s-Butanol and t-butanol can be used as controls; the former activates PLD through the G-protein signaling pathway but does not accept PA, and the latter has no effect on either PLD activity or PA formation .
Recently, the effects of n-butanol on cortical MTs have been reported. Gardiner et al. (2003) showed that n-butanol inhibited germination and affected the root growth and development of seedlings of Arabidopsis. Immunofluorescence microscopy demonstrated disruption of cortical MT organization. reported disorganization of cortical MTs and their dissociation from the plasma membrane in tobacco BY-2 cells. They proposed that cortical MTs are anchored to the plasma membrane by a phosphatidyl-PLD intermediate. According to their proposal, when n-butanol is added, the phosphatidyl moiety is transferred to n-butanol, resulting in dissociation of cortical MTs from the plasma membrane.
In the present study, we re-examined the effect of n-butanol on MTs both in vivo and in vitro, and found that n-butanol induced depolymerization of MTs. Therefore, the effects of n-butanol on cortical MTs are not necessarily mediated by the plasma membrane-bound PLD.
BY-2 cells were treated with 0.5 or 1% n-butanol, s-butanol or t-butanol. After the treatments, cortical MTs were observed by immunofluorescence microscopy. Fig. 1B shows a cell treated with 0.5% n-butanol. Cortical MTs were considerably fragmented. A higher concentration of n-butanol had a stronger effect (data not shown).
In the presence of taxol, cortical MTs appeared normal even upon treatment with n-butanol (Fig. 1E ). Transverse cortical MTs remained unchanged after treatment with either s-or t-butanol (Fig. 1C, D) . To examine the reversibility of the butanol effect, BY-2 cells were incubated with 1% n-butanol for 30 min and then in the absence of n-butanol for 50 min. The cortical MTs in long parallel array were reorganized (Fig. 1F) . reported that MTs were dissociated from the plasma membrane after n-butanol treatment. We examined this possibility using the membrane ghost technique. First, it was confirmed that n-butanol induced fragmentation of cortical MTs in protoplasts as in the case of intact cells (data not shown). Protoplasts treated with n-butanol were subjected to procedures for membrane ghost preparation. If cortical MTs had been detached from the plasma membrane as a result of n-butanol treatment, they would be washed away during the membrane ghost preparation. Fragments of cortical MTs were observed on the plasma membrane ghosts (Fig. 2B) , indicating that fragmented MTs remained attached to the plasma membrane after n-butanol treatment. Long cortical MTs were observed on the ghosts prepared from protoplasts incubated with t-butanol (Fig. 2C) . Normal cortical MTs were observed on the ghosts prepared from protoplasts which had been treated with n-butanol in the presence of taxol (Fig. 2D) . We examined the direct effect of n-butanol or t-butanol on MTs purified from BY-2 cells in vitro. After addition of 0.5 or 1% butanols, MTs were observed by dark-field microscopy and electron microscopy. Dark-field microscopy revealed that MTs treated with n-butanol were depolymerized and formed aggregates (Fig. 3A, C) . Electron microscopy revealed ribbon-like structures of MTs treated with n-butanol (Fig. 3E) . When MTs were treated with t-butanol, most MTs looked normal (Fig. 3B, D, F) . n-Butanol also depolymerized MTs reconstructed from porcine brain tubulin (data not shown). n-Butanol at 0.5 or 1% showed almost the same effect on MT morphology.
In this report, we demonstrated that n-butanol, but not s-butanol or t-butanol, induces fragmentation of cortical MTs in tobacco cells and of MTs assembled in vitro from purified tobacco tubulin. The effective depolymerization activity of n-butanol over other isomers may be attributable to the hydrophobicity and conformation of these alcohols. The curled ribbon-like structure of MTs treated with A C E B D F Fig. 1 Fragmentation of cortical MTs in BY-2 cells treated with n-butanol. BY-2 cells were incubated in culture medium (A) or culture medium supplemented with either n-butanol (B), s-butanol (C), t-butanol (D) or both n-butanol and 20 mM taxol (E) for 20 min at 268C. The concentration of butanols was 0.5%. (F) The reversibility of n-butanol. BY-2 cells were incubated in a culture medium supplemented with 1% n-butanol for 20 min and then in the absence of n-butanol for 50 min. Bar ¼ 10 mm.
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n-butanol in vitro resembles those of MTs assembled at low pH and high CaCl 2 (Matsumura and Hayashi, 1974) and MTs treated with 5 mM halothane (Hinkley, 1976) . We should point out that, while used green fluorescent protein (GFP)-MAP4 to observe MT organization, we analyzed non-transgenic wild-type tobacco cells by immunofluorescence microscopy with a tubulin antibody. When MT-targeted GFP-MAP4 is overexpressed, it may affect the stability and dynamics of MTs in host cells (Ookata et al. 1995) . The authors also maintained that a similar effect of n-butanol on the cortical MTs was observed in BY-2 cells expressing GFP-TUA6 or yellow fluorescent protein (YFP)-CLIP170. According to Abe and Hashimoto (2005) , however, right-handed helical growth was induced and MTs became stable in Arabidopsis expressing GFP-TUA6. CLIP170 is an MT end-binding protein found in animal cells. Usually, it must bind to the elongating MT end in vitro. However, in BY-2 cells expressing YFP-CLIP170, MTs were decorated with YFP-CLIP170 all over . It is likely that MT stability and/or dynamics were affected, to some extent, by the excess MAP. Therefore, we are afraid that MTs might become resistant to n-butanol in cells expressing fluorescently tagged proteins. Considering our finding that n-butanol induced MT disassembly in vitro, in combination with the fact that n-butanol quickly enters the cell through the plasma membrane (T. Shimmen and K. Ogata unpublished observation), it is likely that n-butanol directly affects the structure and/or dynamics of MTs in the cytoplasm, and induces their A B C D Fig. 2 MTs on membrane ghosts prepared from protoplasts treated with butanols. Membrane ghosts were prepared from protoplasts treated with culture medium (A), or culture medium supplemented with 0.5% n-butanol (B), t-butanol (C) or n-butanol plus 20 mM taxol (D) for 20 min. Bar ¼ 5 mm.
depolymerization. Gardiner et al. (2003) reported that nbutanol blocked germination and root development of Arabidopsis thaliana and disorganization of cortical MTs in the root tip. Our results suggest that n-butanol might induce MT depolymerization in the root tip, causing its disorganization. also described dissociation of cortical MTs from the plasma membrane upon treatment with n-butanol. To re-examine this, we observed membrane ghosts prepared from butanol-treated protoplasts. As a result, fragmented MTs still remained on the membrane ghosts, suggesting that MT dissociation is not induced by n-butanol. However, we cannot exclude the possibility that some fraction of cortical MTs had been lost from the membrane ghosts, because we could not obtain quantitative analysis.
Our results call attention to the reports in which n-butanol was used as a PLD-specific chemical, particularly in studies of cortical MT organization. For PLD to be established as a linker between cortical MTs and the plasma membrane, we need more experiments other than those looking at the effects of n-butanol.
A B
C D E F Fig. 3 Effect of butanols on MTs in vitro. MTs assembled from tubulin purified from BY-2 cells were incubated in PME buffer supplemented with 1% n-butanol (A, C, E) or t-butanol (B, D, F). MTs were examined by dark-field microscopy (A-D) and electron microscopy (E, F). Bars in b and d ¼ 10 mm; f ¼ 100 nm.
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Materials and Methods
Tobacco BY-2 cells (Nicotiana tabacum 'Bright Yellow 2') were cultured in modified Linsmaier and Skoog's medium supplemented with 3% sucrose and 0.2 mg l À1 2,4D at 278C in the dark. They were subcultured every 7 d (Nagata et al. 1981) . Five-day-old cells, which were in the logarithmic growth phase, were used.
Five-day old BY-2 cells were incubated in culture medium with or without butanols for 30 min. Cortical MTs in the cell were observed by immunofluorescence microscopy. Protoplasts were prepared from 5-day-old BY-2 cells, by incubation with an enzyme solution containing 1.5% Cellulase Onozuka RS (Yakult Honsha Co., Ltd, Tokyo, Japan), 0.15% pectolyase Y-23 (Kyowa Chemical Products Co., Ltd, Tokyo, Japan) and 0.45 M sorbitol pH 5.5, at 308C for 90 min. Protoplasts were washed with 0.5 M sorbitol and incubated in culture medium supplemented with 0.5 M sorbitol with or without butanols for 30 min.
Membrane ghosts were prepared from protoplasts incubated in the culture medium with or without butanols for 30 min as reported previously (Sonobe and Takahashi 1994) .
For immunofluorescence microscopy, cells and membrane ghosts were fixed with phosphate-buffered saline (PBS) containing 0.2% Triton X-100 in 3.6% formalin for 60 min. Fixed cells were treated with an enzyme solution containing 0.5% cellulase 'ONOZUKA' RS, 0.1% bovine serum albumin (BSA), 1 mM phenylmethylsulfonyl fluoride (PMSF) (pH 5.5) at 308C for 5 min. Cells suspended in PBS were attached to a polylysine-coated coverslip. The coverslip was immersed in PBS supplemented with 0.2% Triton X-100 and 3.6% formalin. Cells and ghosts were incubated with a mouse monoclonal antibody against chicken a-tubulin (ONCOGENE Research Products, San Diego, CA, USA) for 40 min at room temperature, and then incubated with Alexa-488-conjugated goat anti-mouse IgG (Wako Pure Chemical Industries, Ltd, Osaka, Japan) for 1 h at room temperature. A confocal laser scanning microscope (LSM 510, Carl Zeiss Co., Ltd, Germany) was used for observation.
Plant tubulin was purified from tobacco BY-2 cells according to Yokota et al. (1995) and Hamada et al. (2004) . Tubulin (2 mg ml À1 ) in PME buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgCl 2 ) was polymerized at 308C for 5 min in the presence of 1 mM GTP. MTs thus prepared were mixed with an equal volume of PME buffer supplemented with butanols. MTs were observed by dark-field microscopy and electron microscopy.
MTs were observed with a BX-50 microscope (Olympus Co., Tokyo, Japan) equipped with an oil immersion dark-field condenser (U-DCW; Olympus Co.) at 268C. The illumination source of the 50 W mercury lamp was amplified with a BX critical illuminating unit. Images of microtubules were taken with a CCD camera (C474s-95; Hamamatsu Photonics, Hamamatsu, Japan).
For electron microscopy, samples were stained with 2% uranyl acetate and observed with an electron microscope (JEM-1200EX; JEOL Ltd, Tokyo, Japan).
